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Myf-6 and Myf-5, two members of the family of muscle-speci®c regulatory genes, are located less than 10 kb apart in the
mouse and human genomes. We have shown recently that homozygous mutant mice carrying a pgk-neo-cassette in the
®rst exon of the Myf-6 gene display minor alterations of skeletal musculature but develop a severe rib defect, most likely
due to a drastic down-regulation of Myf-5 expression. The mechanism by which the Myf-6 mutation affects the Myf-5
gene is unknown. In order to determine whether Myf-5 transcription is inhibited by the Myf-6 mutation in cis or in trans,
we generated compound heterozygous mice carrying inactivated Myf-5 and Myf-6 alleles on different chromosomes. Here,
we demonstrate that double-heterozygous mutants exhibit truncated ribs and severe depression of Myf-5 transcription, a
phenotype similar to the previously described homozygous Myf-6 mutant mice. These results indicate that the Myf-6
mutation inhibits Myf-5 gene expression by a long-range cis effect. q 1996 Academic Press, Inc.
INTRODUCTION ci®c basic helix±loop±helix (bHLH) transcription factors.
These genes follow a distinct temporal expression pattern and
Transcriptional control in eukaryotes is achieved by a are transcribed only in skeletal muscle cells (reviewed by Ar-
complex machinery involving DNA binding of transcrip- nold and Braun, 1993; Olson and Klein, 1994; Weintraub et
tional activators, interactions between different proteins, al., 1991). Recent knock-out experiments in mice documented
long range cis effects, and positional cues mediated by chro- the pivotal role of Myf-5 and MyoD in establishing skeletal
matin structure. Numerous experiments have been per- muscle cell lineages (Braun et al., 1992, 1994; Rudnicki et
formed to identify elements important for transcriptional al., 1992, 1993) and the importance of myogenin for terminal
regulation (for reviews see Hori and Carey, 1994; Laurenson differentiation of secondary myotubes (Hasty et al., 1993;
and Rine, 1992; Morimoto, 1992). The majority of these Nabeshima et al., 1993; Venuti et al., 1995).
studies were done either in cultured cells using transfection In humans and mice the Myf-5 and Myf-6 genes are
techniques or in transgenic animals with randomly inte- located on the same chromosome approximately 6 kb
grated promotor constructs, whereas targeted manipulation apart and in the same transcriptional orientation. The
of gene control regions has only recently become available. myogenin and the MyoD genes reside on different chro-
The latter approach appears to be advantageous when ex- mosomes (Braun et al., 1990, 1992). Unlike other develop-
pression pro®les of promotor constructs are highly variable mentally regulated gene clusters, such as the b-globin or
or the expression pattern of the corresponding endogenous the Hox gene clusters, Myf-6 and Myf-5 genes show no
gene is not exactly reproduced by the transgene due to posi- obvious correlation between the 5*±3* gene order and the
tion effects or lack of remote regulatory elements. onset of gene expression or spatially restricted activation
In higher vertebrates four genes (Myf-5, Myogenin, Myf-6/ patterns (Bober et al., 1991; Ott et al., 1991; Hanscombe
MRF4/herculin, and MyoD) encode a family of muscle-spe- et al., 1991). All members of the MyoD family share a
relatively simple gene structure. The ®rst exon encodes
most of the protein including the bHLH domain, a small1 To whom correspondence should be addressed. Fax: 49-531-
3918178. E-mail: T.Braun@tu-bs.de. second exon encodes part of the carboxy terminus, and
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ern transfer on Pall Biodyne A membrane were done according tothe third exon contains the rest of the coding and the 3*-
standard procedures (Sambrook et al., 1989). Equal amounts of RNAnoncoding region (Atchley et al., 1994).
were electrophoresed in each lane based on ethidium bromideRegulatory elements directing tissue-speci®c and spatio-
staining of ribosomal RNA and hybridization with a GAPDH probe.temporal expression have been analyzed in detail for the myo-
Hybridization was performed with 32P-labeled random-primedgenin gene in tissue culture and in transgenic mice (Cheng et
cDNA fragments as indicated. Hybridization and washing condi-
al., 1993; Yee and Rigby, 1993). An enhancer necessary for tions were exactly as described previously (Braun and Arnold, 1995).
high-level expression of MyoD has also been described re-
cently (Goldhammer et al., 1995). In contrast, critical ele-
ments required for faithful expression of Myf-5 and Myf-6 RESULTS
have not been detected so far. Analysis of Myf-5/Myf-6 promo-
tor constructs in transgenic mice using a 5.5-kb Myf-5 and a Interbreeding of Heterozygous Myf-5 and Myf-6
6.5-kb Myf-6 construct detected expression of transgenes only Mutant Mice
in some muscles, whereas early expression in somites and
In order to generate mice carrying targeted mutations oflimb buds was absent (Patapoutian et al., 1993).
the Myf-6 and Myf-5 genes on different chromosomes, het-We have recently generated Myf-6 mutant mice by ho-
erozygous Myf-5m1 mice were interbred with heterozygousmologous recombination in ES-cells (Myf-6m1). Surprisingly,
Myf-6m1 mice. Fig. 1 gives the structure of Myf-5m1/Myf-6m1these mice show a pronounced down-regulation of Myf-5
alleles in double-heterozygous mutant mice and a Southernexpression in somites and in all muscle tissues at birth
blot analysis of a representative litter of this cross. Lanes 3(Braun and Arnold, 1995). Formally the severe reduction of
and 8 show DNA from compound heterozygotes recognizedMyf-5 expression can be explained either by a trans effect
by the simultaneous presence of the 10.5-kb Myf-5 mutant(i.e., Myf-6 binds to a Myf-5 regulatory element and acti-
and the 7.5-kb Myf-6 mutant fragments. As shown in Tablevates transcription) or by a cis effect (i.e., the mutation in
1, four different genotypes are expected with a frequency ofthe Myf-6 gene interferes in cis with the activation of the
25% for each of the Myf-5(///)/Myf-6(///); Myf-5(///)/adjacent Myf-5 gene). Both mechanisms can be distin-
Myf-6(//0); Myf-5(//0)/Myf-6(///); and Myf-5(//0)/Myf-guished by allelic complementation. Here we report the
6(//0) mice. Genotyping the offspring at weaning revealedgeneration of mice carrying the Myf-6 mutation on one
no survivors of the Myf-5(//0)/Myf-6(//0) group, indicat-chromosome and the Myf-5 mutation on the other chromo-
ing that these animals are not viable (Table 1).some. These double-heterozygous mice lack the distal parts
In contrast, when delivered by cesarean section at E18.5of the ribs, similar to homozygous Myf-5 and Myf-6 mutant
all four possible genotypes were detected close to the pre-mice, and fail to express signi®cant levels of Myf-5 mRNA.
dicted frequencies. All pups were initially alive and capableOur data indicate that the Myf-6 mutation interferes in cis
of moving. While most animals survived for an extendedwith Myf-5 promotor activity.
period, Myf-5(//)/Myf-6(//0) mice died within a few min-
utes, con®rming that compound heterozygous animals are
perinatal lethals.MATERIALS AND METHODS
Mice. The generation of Myf-5 mutant and Myf-6 mice has Double-Heterozygous Myf-5 and Myf-6 Mutantbeen described previously (Braun et al., 1992; Braun and Arnold,
Mice Lack the Distal Parts of the Ribs1995). Analyses were performed with 129Sv/JMyf5m1 mice back-
crossed three or four times each to C57BL6 and BALB/c mice and Newborn pubs were sacri®ced, genotyped, and subjected to
with 129Sv/JMyf6m1 mice backcrossed to C57BL6 mice. Fetuses were whole-mount bone and cartilage staining to determine possi-
staged by counting the appearance of the vaginal plug as Day 0.5 ble alterations of the skeleton. As shown in Fig. 2, we detected
p.c. Genotypes of fetuses were determined on BamHI- and KpnI-
severely malformed rib cages with only the proximal parts ofdigested DNA from placentae with Myf-5 and Myf-6 probes as de-
the ribs normally developed in mice carrying the inactivatedscribed (Braun et al., 1994; Braun and Arnold, 1995). Bone and carti-
Myf-5 allele on one chromosome and the inactivated Myf-6lage were stained in newborn animals as described (McLeod, 1980).
allele on the other chromosome. The distal parts of the ribsIndividual ribs were dissected after whole-mount staining and the
length was measured by placing the ribs on a length standard. were missing, a phenotype very similar to homozygous Myf-6
RNase protection. Total RNA was isolated from carcasses of or Myf-5 mutant mice. The rib stumps in double-heterozygous
E17.5 mice according to standard procedures. To detect Myf-5 mice were generally slightly longer than those in Myf-5 mu-
RNA, a 200-bp PstI fragment spanning the ®rst exon of the Myf-5 tant mice, with length variations similar to the variations
gene including the neo gene insertion site was subcloned into the observed in homozygous Myf-6 mutants but not in Myf-5
vector pKSII to yield pH3P2#4. The plasmid was linearized with mutants. Figure 3 shows the distribution of rib lengths mea-
HindIII and antisense RNA was synthesized using T7-polymerase
sured after dissection of individual ribs of homozygous mutantin the presence of [a-32P]UTP (3000 Ci/mmol). The labeled probe
Myf-5, homozygous mutant Myf-6, and compound heterozy-was gel puri®ed and hybridized to 50 mg of total cellular RNA as
gous Myf-5 and Myf-6 mice. The average rib length of com-described elsewhere (Braun and Arnold, 1994). Myf-6 RNA was
pound heterozygous mice was between that of Myf-6 and Myf-detected by Northern blot analysis of the same RNA preparations.
Denaturation of RNA with glyoxal, gel electrophoresis, and North- 5 mutants but within the range of variations observed in ho-
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FIG. 1. Structure of Myf-5/Myf-6 alleles in double-heterozygous mutant mice (A) and Southern blot analysis of a representative litter of
a Myf-5(//0)/Myf-6(//0) intercross (B). DNA was isolated from placentas of newborn mice and digested with KpnI (for hybridization
with probe 1) and with BamHI (for hybridization with probe 2). The mutant Myf-6 allele detected by probe 1 is 10.8 kb. Probe 2 detects
a 7.5-kb mutant Myf-5 allele. The localization of the probes used and of the inserted pgk-neo-cassettes are indicated. Lane 1, Myf-6(//
0)/Myf-5(///); lane 2, Myf-6(///)/Myf-5(///); lane 3, Myf-6(//0)/Myf-5(//0); lane 4, Myf-6(//0)/Myf-5(///); lane 5, Myf-6(//0)/Myf-
5(///); lane 6, Myf-6(///)/Myf-5(///); lane 7, Myf-6(///)/Myf-5(//0); lane 8, Myf-6(//0)/Myf-5(//0); lane 9, Myf-6(///)/Myf-5(///).
mozygous Myf-6 mice. Inspection of other skeletal elements Myf-5(//0)/Myf-6(//0) mice may also be caused by a down-
regulation of Myf-5 mRNA expression. Therefore, we deter-after alizarin red and alcian blue staining revealed no addi-
tional bone or cartilage abnormalities. mined the relative expression levels of Myf-5 and Myf-6
mRNA in newborn wild-type, heterozygous Myf-6 and Myf-
5, homozygous Myf-6 and Myf-5, and double-heterozygous
Double-Heterozygous Myf-5 and Myf-6 Mutant mutant mice. RNAs were isolated from carcasses of newborn
Mice Express Drastically Reduced Levels of Myf-5 mice and analyzed by RNase protection and Northern blot
mRNA at Birth analysis.
Consistent with previous data, we found no wild-typeThe rib phenotype in homozygous Myf-5 mutant mice and
a very similar phenotype in homozygous Myf-6 mutant mice, Myf-5 mRNA in homozygous Myf-5 mutant mice and
marked down-regulation of Myf-5 mRNA expression in ho-likely due to a severe loss of Myf-5 mRNA expression, sug-
gested to us that the rib phenotype in double-heterozygous mozygous Myf-6 mutants (Fig. 4). This down-regulation of
TABLE 1
Genotypes of Offspring of Myf-5(//0) 1 Myf-6(//0) Crosses
Frequency
Genotype Observed
Myf-5 Myf-6 Predicted (%) Newborna (%) 3 Weeksb (%) Rib defect
/// /// 25 20 32 No
/// //0 25 28 29 No
//0 /// 25 30 39 No
//0 //0 25 22 0 Yes
a The number of mice analyzed was 88.
b The number of mice analyzed was 95.
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FIG. 2. Dorsolateral view of alizarin-stained skeletons of newborn wild-type, homozygous Myf-6, homozygous Myf-5m1, heterozygous
Myf-5, heterozygous Myf-6, and double-heterozygous Myf-5 and Myf-6 mutant mice to reveal bone and cartilage structures. (Top left) A
wild type; (top middle) a heterozygous Myf-5; (top right) a homozygous Myf-5 mutant. (Bottom left) A heterozygous Myf-6 mutant; (bottom
middle) a double-heterozygous Myf-5 and Myf-6 mutant; (bottom right) a homozygous Myf-6 mutant animal. Note the varying degrees
of rib truncations of the double-heterozygous fetus compared to those in the homozygous Myf-6 and homozygous Myf-5 mutants. No
other bone or cartilage abnormalities are obvious.
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mately normal level of Myf-6 mRNA expressed from the
single Myf-6 allele in compound heterozygous mice should
suf®ce to mediate Myf-5 expression, if a trans mechanism
FIG. 3. Rib length of homozygous Myf-6, homozygous Myf-5m1,
and double-heterozygous Myf-5 and Myf-6 mutant mice at different
thoracic levels. Columns represent the average length of ribs iso-
lated from different mutant strains. The variation of rib length is
indicated by the black bars in each column. Only little variation
was found in Myf-5 mutant mice, whereas ribs of different lengths
were observed in Myf-6 mutant and double-heterozygous mice.
Ribs of thoracic segments Th2±Th11 showed the highest variation,
whereas ribs of segments Th1 and Th12 were consistently short.
The following numbers of animals were analyzed: Myf-5(0/0), 14;
Myf-6(0/0), 12; Myf-5(//0)/Myf-6(//0), 16.
Myf-5 expression in homozygous Myf-6 mutant mice has
also been noted during early somitogenesis using in situ
hybridization techniques (Braun and Arnold, 1995). In mice
carrying a mutated Myf-5 allele we also detected a truncated
Myf-5 mRNA which yields no functional protein (Fig. 4).
Most importantly, in Myf-5(//0)/Myf-6(//0) mice, Myf-5
mRNA content was drastically reduced to levels compara-
ble to those in homozygous Myf-6 mutants and clearly be-
low levels found in heterozygous Myf-5 mutants. This indi-
FIG. 4. RNase protection analysis of Myf-5 expression in double-cates that Myf-5 reduction was caused by the compound
heterozygous Myf-5 and Myf-6 mutant mice. RNA was isolated
heterozygosity and not by a Myf-5 gene dosage effect. from newborn mice delivered at term by cesarian section and ana-
We next investigated the expression of Myf-6 mRNA in lyzed by RNase protection analysis. Myf-5 RNA was detected with
wild-type and compound heterozygous mutants to con®rm a 312-nt cRNA probe including 92 nt of vector sequences. The
that a single Myf-6 allele in a Myf-5 heterozygous back- protected 205-nt fragment constitutes the ®rst exon of the Myf-5
gene. Myf-5 mRNA is slightly reduced in heterozygous Myf-6 ani-ground was capable of generating a normal amount of Myf-
mals and strongly reduced in double-heterozygous Myf-5 and Myf-6 mRNA. As shown in Fig. 5, expression of Myf-6 mRNA
6 mice as well as in homozygous Myf-6 mutant animals. In homo-was comparable between Myf-5(///)/Myf-6(//0) (lane 2)
zygous Myf-5 mutant mice no wild-type Myf-5 RNA is present.and Myf-5(//0)/Myf-6(//0) mice (lane 4) even though
A mutant Myf-5 mRNA initiated at the Myf-5 promotor (Myf-5slight variations in the Myf-6 mRNA levels were noted
promotor transcription) is detected in mice carrying a Myf-5m1 al-among individuals (lane 5). As expected no functional Myf-
lele. This RNA is a result of incomplete termination at the pgk
6 RNA was found in Myf-5(///)/Myf-6(0/0) mice. Similar polyadenylation signal. Lane 1, undigested probe; lane 2, tRNA;
to earlier observations, we also detected some reduction lane 3, tRNA; lane 4, Myf-6(///)/Myf-5(0/0); lane 5, Myf-6(0/0)/
of Myf-6 mRNA expression in Myf-6 heterozygous mice Myf-5(///); lane 6, Myf-6(0/0)/Myf-5(///); lane 7, Myf-6(//0)/
compared to that in wild-type mice but this was not corre- Myf-5(//0); lane 8, Myf-6(///)/Myf-5(//0); lane 9, Myf-6(//0)/
Myf-5(///); lane 10, wild-type control.lated to the number of active Myf-5 alleles. The approxi-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8116 01-24-96 13:49:40 dba Dev Bio
145Double Heterozygous Myf-5m1/Myf-6m1 Mutants
(Zhang et al., 1995; Patapoutian et al., 1995). Interestingly,
the phenotypes of the different mutant mouse strains differ
signi®cantly. In particular the rib defect varies from severe
(Braun and Arnold, 1995) through intermediate (Patapoutian
et al., 1995) to mild (Zhang et al., 1995). Since all mutations
were designed as null mutations, it appears most likely that
the differences observed are not due to the lack of the Myf-
6 protein but to various degrees of interference with Myf-5
gene activity possibly caused by the integration of the neo-
cassette in the Myf-6 gene. Thus, variable severity of the
rib phenotypes can be explained by different Myf-5 levels
expressed in the three mutant Myf-6 mouse strains.
Here, we formally demonstrate that a wild-type Myf-6
allele in trans fails to rescue normal Myf-5 expression and
the rib phenotype. This result together with the different
phenotypes of the three Myf-6 mutant alleles strongly argue
for a cis-acting mechanism on Myf-5 gene activity as the
only reasonable explanation for variations observed be-
tween the different strains.
Simple fortuitous structural mutations of the Myf-5 locus
FIG. 5. Northern blot analysis of Myf-6 expression in newborn by the Myf-6m1 recombination events have been excluded
wild-type (lane 1); Myf-5(///)/Myf-6(//0) (lane 2); Myf-5(//0)/ previously by Southern blot analysis of the genomic locus
Myf-6(///) (lane 3); Myf-5(//0)/Myf-6(//0) (lane 4); Myf-5(//0)/ using several different restriction enzymes (see Braun and
Myf-6(//0) (lane 5); Myf-5(///)/Myf-6(0/0) (lane 6); and Myf-5(0/ Arnold, 1995 and discussion therein; T.B., unpublished ob-0)/Myf-6(///) (lane 7) mice. RNA was isolated, denatured, trans-
servations). In addition, we have performed sequence analy-ferred to a nylon membrane, and hybridized with random-primed
sis of the complete 5*-fragment and of 3.5 kb of the 3*-cDNA fragments as indicated. Authentic Myf-6 RNA is missing in
fragment within the recombination vector, con®rming thathomozygous Myf-6 mutants. Two faint mutant transcripts which
the Myf-5 and Myf-6 promoter sequences were left intactcorrespond most likely to readthrough messages initiated at the
Myf-6 and the pgk-promotor were observed. Myf-6 mRNA is ex- (unpublished data).
pressed at similar levels in Myf-5(///)/Myf-6(//0) (lane 2) and Several differences between the different targeting vectors
Myf-5(//0)/Myf-6(//0) (lane 4) mice, although some variation was used to generate the Myf-6 knock-out strains can be noted
noted between individual mice (see for example lane 4 and lane 5). and may account for the variable cis effects on Myf-5 tran-
scription.
The mutation generated by Zhang and colleagues deletes
most of the Myf-6 gene (ca. 3 kb). In contrast only 0.2 and 0.4
exists. However, despite the considerable Myf-6 expression, kb abutting a common KpnI site in exon 1 were deleted by
Myf-5 expression remained very low. Thus, down-regula- Braun and Arnold (1995) and Patapoutian et al. (1995), respec-
tion of Myf-5 transcription in double-heterozygous mice is tively. If the latter constructs delete a regulatory element for
predominantly mediated by a cis effect of the Myf-6 muta- Myf-5 gene activity, it must span the KpnI site, which was
tion through interference with the Myf-5 gene located ap- not removed in the construct by Zhang et al. (1995).
proximately 8 kb downstream of the mutation. Interestingly, Zhang et al. (1995) inserted the neo-cassette
in an orientation opposite to the direction of transcription
of both the Myf-5 and Myf-6 genes. This design places the
DISCUSSION pgk-promotor driving the neo resistance gene further away
from the Myf-6 upstream region and closer to the Myf-5
transcription initiation site than is the case in the otherIn this study we show that double-heterozygous Myf-5(//
0)/Myf-6(//0) mice lack the distal parts of the ribs and two constructs. Therefore, position and orientation of the
pgk-neo-cassette within the Myf-6 gene may be critical forshow a marked reduction of Myf-5 mRNA expression. This
phenotype has also been seen in homozygous Myf-6 mutant the cis effect seen on the Myf-5 gene.
The mechanistic basis of integration-mediated interfer-mice but not in their heterozygous littermates. Whether
the insertion of the pgk-neo gene in the Myf-6 gene inter- ence, however, is unclear and cannot be resolved at present
from the three different Myf-6 alleles. Possibly, changes inferes with Myf-5 activity in cis or in trans could not be
decided in these mutants, although a trans mechanism ap- chromatin conformation by the ubiquitously active pgk-
promotor placed into the ®rst exon of the Myf-6 gene maypeared less likely based on the temporal expression pattern
of both genes (Bober et al., 1991; Ott et al., 1991). After cause altered accessibility of the Myf-5 gene for transcrip-
tion factors. Other explanations appear likewise possibleour initial description of a Myf-6m1 knock-out, two other
laboratories have mutated the Myf-6/MRF4/herculin gene and cannot be excluded on the basis of the available muta-
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8116 01-24-96 13:49:40 dba Dev Bio
146 Floû, Arnold, and Braun
tions: (a) spacing of important regulatory elements in the ACKNOWLEDGMENTS
Myf-6/Myf-5 locus may be critically altered, as integration
of the pgk-neo-cassette results in the net introduction of 1.6 The excellent technical assistance of A. Bork and S. Heymann
kb DNA sequence between a potential upstream regulatory is gratefully acknowledged. We thank Eva Bober for critically read-
ing the manuscript. This work was supported by the Deutscheelement and the Myf-5 gene; (b) introduction of the pgk-
Forschungsgemeinschaft (SFB: Molekulare Mechanismen morpho-neo-cassette may disrupt a Myf-5 control region, although
regulatorischer Prozesse project B2 and DFG Grant Br 1413 to T.B.)the presence of a control element in an exon of the adjacent
gene has not been described so far; and (c) binding sites in
the integrated pgk-promotor may compete for transcription
REFERENCESfactors which are essential for Myf-5 promotor function.
Such a competition model, however, appears less likely, Arnold, H.-H., and Braun, T. (1993). Myogenic control genes in
since the same pgk-neo-cassette was used by Zhang et al. vertebrates. In ``Advances in Developmental Biology'' (P. M.
(1995) and was previously inserted directly into the Myf-5 Wassarman, Ed.), pp. 111±158 JAI Press, Greenwich.
gene without impairment of transcriptional initiation of the Atchley, W. R., Fitch, W. M., and Bronner-Fraser, M. (1994). Molec-
ular evolution of the MyoD family of transcription factors. Proc.Myf-5 promotor (Braun et al., 1992; Braun and Arnold,
Natl. Acad. Sci. USA 91, 11522±11526.1994). Yet, since the critical Myf-5 regulatory elements have
Bober, E., Lyons, G. E., Braun, T., Cossu, G., Buckingham, M., andnot been determined, it remains possible that the insertion
Arnold, H. H. (1991). The muscle regulatory gene, Myf-6, has amaps close to a Myf-5 regulatory element and that competi-
biphasic pattern of expression during early mouse development.tion becomes effective only when the competitor is inte-
J. Cell Biol. 113, 1255±1265.
grated nearby. Braun, T., Bober, E., Buschhausen, D. G., Kohtz, S., Grzeschik,
Other mutations are known to disturb the regulation of K. H., and Arnold, H. H. (1989). Differential expression of myo-
nearby genes, although no recognized regulatory sequences genic determination genes in muscle cells: Possible autoactiva-
tion by the Myf gene products. EMBO J. 8, 3617±3625.were directly mutated: (1) Integration of a Friend leukemia
Braun, T., Bober, E., Winter, B., Rosenthal, N., and Arnold, H.-H.virus long terminal repeat (LTR) hygro construct in the lo-
(1990). Myf-6, a new member of the human gene family of myo-cus control region of the globin cluster represses b-globin
genic determination factors: Evidence for a gene cluster on chro-expression. In this case the integrated sequence contains
mosome 12. EMBO J. 9, 821±831.binding sites for the transcription factor GATA1, which
Braun, T., Rudnicki, M. A., Arnold, H.-H., and Jaenisch, R. (1992).
is essential for correct function of the LTR. Therefore, a Targeted inactivation of the muscle regulatory gene myf-5 results
promotor/enhancer competition model has been proposed in abnormal rib development and perinatal death. Cell 71, 369±
(Kim et al., 1992; Fiering et al., 1993). (2) Insertion of a pgk- 382.
neo-cassette in the Hoxd-10 gene results in wide ectopic Braun, T., and Arnold, H.-H. (1994). ES-cells carrying two inacti-
vated Myf-5 alleles form skeletal muscle cells: Activation of anexpression of the adjacent Hoxd-9 gene in the spinal cord
alternative Myf-5-independent differentiation pathway. Dev.(Rijli et al., 1994). (3) Interference of integrated retroviruses
Biol. 164, 24±36.with the activation of neighboring genes has been reported.
Braun, T., Bober, E., Rudnicki, M. A., Jaenisch, R., and Arnold,One of the best studied examples is the lack of collagen
H. H. (1994). MyoD expression marks the onset of skeletal myo-
expression in Mov13 mice, which carry a M-MuLV in an genesis in Myf-5 mutant mice. Development 120, 3083±3092.
opposite orientation relative to the direction of collagen Braun, T., and Arnold, H.-H. (1995). Inactivation of Myf-6 and Myf-
gene transcription. Changes in chromatin conformation and 5 genes in mice leads to alterations in skeletal muscle develop-
de novo methylation are associated with the tissue-speci®c ment. EMBO J. 14, 1176±1186.
Breindl, M., Harbers, K., and Jaenisch, R. (1984). Retrovirus-inducedblock of transcription of this gene. Despite a decade of inten-
lethal mutation in collagen I gene of mice is associated with ansive research efforts, however, the basis of this de®ciency
altered chromatin structure. Cell 38, 9±16.is still elusive (Harbers et al., 1984; Breindl et al., 1984;
Cheng, T. C., Wallace, M. C., Merlie, J. P., and Olson, E. N. (1993).Hartung et al., 1986; Kratochwil et al., 1989).
Separable regulatory elements governing myogenin transcription
While the discussed examples of transcriptional interfer- in mouse embryogenesis. Science 261, 215±218.
ence by targeted mutations may differ in detail from our Fiering, S., Kim, C. G., Epner, E. M., and Groudine, M. (1993). An
Myf-6 case, they all advise caution for the interpretation of ``in±out'' strategy using gene targeting and FLP recombinase for
phenotypes obtained by homologous recombination in loci the functional dissection of complex DNA regulatory elements:
Analysis of the b-globin locus control region. Proc. Natl. Acad.which have not been fully characterized. The Myf-6 muta-
Sci. USA 90, 8469±8473.tion has unveiled a complex and previously unknown regu-
Goldhammer, D. J., Brunk, B. P., Faerman, A., King, A., Shani, M.,lation of the Myf-5/Myf-6 gene cluster. The mutation repre-
and Emerson, C. P., Jr. (1995). Embryonic activation of the myoDsents an interesting starting point for investigating the
gene is regulated by a highly conserved distal control element.mechanisms of Myf-5 gene regulation. Furthermore, it dem-
Development 121, 637±649.
onstrates that it may be necessary in some cases to study Hanscombe, O., Whyatt, D., Fraser, P., Yannoutsos, N., Greaves,
regulation of gene activity by mutation of endogenous geno- D., Dillon, N., and Grosveld, F. (1991). Importance of globin gene
mic loci to obtain a true image of all regulatory processes order for correct developmental expression. Genes Dev. 5, 1387±
1394.involved.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8116 01-24-96 13:49:40 dba Dev Bio
147Double Heterozygous Myf-5m1/Myf-6m1 Mutants
Harbers, K., Kuehn, M., Delius, H., and Jaenisch, R. (1984). Inser- Patapoutian, A., Miner, J. H., Lyons, G. E., and Wold, B. (1993).
Isolated sequences from the linked Myf-5 and MRF4 genes drivetion of a retrovirus in the ®rst intron of alpha1(I) collagen leads
distinct pattern of muscle-speci®c expression in transgenic mice.to embryonic lethal mutation in mice. Proc. Natl. Acad. Sci.
Development 118, 61±69.USA 81, 1504±1508.
Patapoutian, A., Yoon, J. K., Miner, J. H., Wang, S., Stark, K., andHartung, S., Jaenisch, R., and Breindl, M. (1986). Retrovirus inser-
Wold, B. (1995). Disruption of the mouse MRF4 gene identi®estion inactivates mouse a1(I) collagen gene by blocking initiation
multiple waves of myogenesis in the myotome. Developmentof transcription. Nature 320, 365±367.
121, 3347±3358.Hasty, P., Bradley, A., Morris, J. H., Edmondson, D. G., Venuti, J.,
Rijli, F. M., Dolle, P., Fraulob, V., LeMeur, M., and Chambon, P.Olson, E. N., and Klein, W. H. (1993). Muscle de®ciency and
(1994). Insertion of a targeting construct in a Hoxd-10 allele canneonatal death in mice with a targeted mutation in the myogenin
in¯uence the control of Hoxd-9 expression. Dev. Dyn. 201, 366±gene. Nature 364, 501±506.
377.Hori, R., and Carey, M. (1994). The role of activators in assembly of
Rudnicki, M. A., Braun, T., Hinuma, S., and Jaenisch, R. (1992).RNA polymerase II transcription complexes. Curr. Opin. Genet.
Inactivation of myoD in mice leads to up-regulation of the myo-Dev. 4, 236±244.
genic HLH gene myf-5 and results in apparently normal muscleKim, C. G., Epner, E. M., Forrester, W. C., and Groudine, M. (1992).
development. Cell 71, 383±390.Inactivation of the human b-globin by targeted insertion into the
Rudnicki, M. A., Schnegelsberg, P. N. J., Stead, R. H., Braun, T.,
b-globin locus control region. Genes Dev. 6, 928±938.
Arnold, H. H., and Jaenisch, R. (1993). MyoD or Myf-5 is required
Kratochwil, K., von der Mark, K., Kollar, E. J., Jaenisch, R., Moos-
for the formation of skeletal muscle. Cell 75, 1351±1359.
lehner, K., Schwarz, M., Haase, K., Gmachl, I., and Harbers, K.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). In ``Molecular
(1989). Retrovirus-induced insertional mutation in Mov13 mice Cloning: A Laboratory Manual,'' Cold Spring Harbor Laboratory
affects collagen I expression in a tissue-speci®c manner. Cell 57, Press, Cold Spring Harbor, NY.
807±816. Thayer, M. J., Tapscott, R. L., Davis, R. L., Wright, W. E., Lassar,
Laurenson, P., and Rine, J. (1992). Silencers, silencing and heritable A. B., and Weintraub, H. (1989). Positive autoregulation of the
transcriptional states. Microbiol. Rev. 56, 543±560. myogenic determination gene MyoD1. Cell 58, 241±248.
McLeod, M. J. (1980). Differential staining of cartilage and bone in Venuti, J. M., Morris, J. H., Vivian, J. L., Olson, E. N., and Klein,
whole mouse fetuses by alcian blue and alizarin redS. Teratology W. H. (1995). Myogenin is required for late but not early aspects
22, 299±301. of myogenesis during mouse development. J. Cell Biol. 128, 563±
Morimoto, R. I. (1992). Transcription factors: Positive and negative 576.
regulators of cell growth and disease. Curr. Opin. Cell Biol. 4, Weintraub, H., Davis, R., Tapscott, S., Thayer, M., Krause, M.,
480±487. Benezra, R., Blackwell, T. K., Turner, D., Rupp, R., Hollenberg,
Nabeshima, Y., Hanaoka, K., Hayasaka, M., Esumi, E., Li, S., Non- S., Zhuang, Y., and Lassar, A. (1991). The myoD gene family:
aka, I., and Nabeshima, Y. (1993). Myogenin gene disruption re- Nodal point during speci®cation of the muscle cell lineage. Sci-
ence 251, 761±766.sults in perinatal lethality because of severe muscle defect. Na-
Yee, S. P., and Rigby, P. W. (1993). The regulation of myogeninture 364, 532±535.
gene expression during embryonic development of the mouse.Olson, E. N., and Klein, W. H. (1994). bHLH factors in muscle
Genes Dev. 7, 1277±1289.development: Dead lines and commitments, what to leave in and
Zhang, W., Behringer, R. R., and Olson, E. N. (1995). Inactivationwhat to leave out. Genes Dev. 8, 1±8.
of the myogenic bHLH gene MRF4 results in upregulation ofOtt, M. O., Bober, E., Lyons, G., Arnold, H., and Buckingham, M.
myogenin and rib abnormalities. Genes Dev. 9, 1388±1399.(1991). Early expression of the myogenic regulatory gene, myf-
5, in precursor cells of skeletal muscle in the mouse embryo. Received for publication August 10, 1995
Accepted October 16, 1995Development 111, 1097±1107.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8116 01-24-96 13:49:40 dba Dev Bio
